Three-dimensional near-equilibrium potential energy surfaces and dipole moment functions have been calculated for the ground state of nitrous sulfide ͑NNS͒, using a large basis set and the coupled cluster method with single and double substitutions, augmented by a perturbative estimate of triple excitations ͓CCSD͑T͔͒. The CCSD͑T͒ equilibrium bond lengths with a correlation consistent polarized valence quadruple zeta ͑cc-pVQZ͒ basis set are r e ͑NN͒ϭ1.1284 Å and R e ͑NS͒ϭ1.5904 Å, which have been corrected to 1.126 and 1.581 Å, respectively, based on the results of the corresponding calculations on the NN and NS diatomics. Rotational-vibrational energy levels and the corresponding infrared intensities for NNS have been determined using variational methods with the CCSD͑T͒/cc-pVQZ potential energy and dipole moment functions. The calculated band origins ͑cm Ϫ1 ͒ 1 , 2 , and 3 and their intensities ͑km/mol͒ at the CCSD͑T͒/cc-pVQZ level are 740.7/38.6, 463.1/0.01, and 2061.4/385.8, respectively. A complete set of second-order spectroscopic constants have been obtained from the ab initio potential energy surface using both the standard perturbation theory formulas and the variationally determined rovibrational energies. Comparison of the theoretical vibration-rotation interaction constants ͑␣ i ͒ with those obtained from the published high resolution Fourier transform infrared ͑FTIR͒ spectra clearly demonstrate that the rotational quantum number (J) assignments must be revised in all the observed hot bands. A new set of spectroscopic constants for NNS, derived from a reanalysis of the published FTIR frequencies, is presented. These are in excellent agreement with our CCSD͑T͒ predictions. Values of the quadrupole coupling constants at each nucleus are predicted using multireference configuration interaction ͑MRCI͒ with the same cc-pVQZ basis.
I. INTRODUCTION
The nitrous sulfide molecule ͑NNS͒ was first observed by infrared ͑IR͒ spectroscopy and mass spectrometry as a decomposition product of the flash vacuum pyrolysis ͑FVP͒ of 5-phenyl-1,2,3,4-thiatriazole. 1 A high resolution infrared spectroscopic study of NNS has been carried out by Brown et al. 2 using the FVP production scheme. They determined the 3 fundamental frequency ͑NN stretching͒ to be 2047.59 cm Ϫ1 and derived the r 0 structure of NNS, r 0 ͑NN͒ϭ1.1388 Å and R 0 ͑NS͒ϭ1.5775 Å, on the basis of B 0 constants from the spectroscopic studies on the normal and NN 34 S isotopes. The stretching fundamental frequencies 1 and 3 in an Ar matrix were observed to be 752 and 2039 cm Ϫ1 by Kambouris et al. 3 Also the isotopic shifts of the NN stretching fundamental were investigated by Hassanzadeh and Andrews 4 in infrared spectra of NNS isotopomers in an Ar matrix. Several correlated ab initio calculations on NNS in the ground electronic state ͑ 1 ⌺ ϩ ͒ 5-7 have been carried out recently using the complete active space self-consistent-field ͑CASSCF͒ method, the configuration interaction method with single and double substitutions ͑CISD͒, the coupled cluster method with single and double substitutions ͑CCSD͒, and CCSD augmented by the perturbative treatment of triple excitations ͓CCSD͑T͔͒. 8 Davy and Schaefer 5 investigated possible structural isomers of NNS using the CISD and CCSD levels of ab initio theory, showing that linear NNS is the most stable form, and Collins et al. 6 carried out CCSD͑T͒ calculations for the ground state of NNS with larger basis sets, resolving several important discrepancies between experiment and theory. The ab initio studies in Refs. 5 and 6, however, were mainly limited to predictions of the equilibrium structure or harmonic frequencies and intensities using analytic gradient methods. In an attempt to make more direct comparisons with experimentally obtained vibrational frequencies, Wong and Bacskay 7 have also performed a CCSD͑T͒ study of the near equilibrium potential energy surface of NNS in its ground electronic state, yielding vibrational band origins up to 4100 cm
Ϫ1
, variationally determined, as well as anharmonic force constants.
The present work also involves a large basis set CCSD͑T͒ investigation of the near equilibrium region of the NNS ground state potential energy surface, but it is extended in several respects in comparison to the studies described in Refs. 6 and 7. The largest basis set used here is at the quadruple zeta level rather than triple zeta level used in the earlier work 6, 7 and includes polarization functions through g type. A complete electric dipole moment function ͑EDMF͒ has been obtained in addition to the potential energy function ͑PEF͒. The variational programs of Tennyson and co-workers 9, 10 have been employed to obtain Jϭ0-2 energy levels in all vibrational states up to 4900 cm
, along with the corresponding infrared band intensities, from the CCSD͑T͒ PEF and EDMF for NNS. A full set of secondorder spectroscopic constants ͑vibration-rotation interaction, anharmonicity, etc.͒ are derived from the ab initio PEF, using both perturbation theory formulas and in some cases the variational energy levels. The extensive high resolution study of the NN stretching region ͑ 3 ͒ of NNS by Fourier transform infrared ͑FTIR͒ spectroscopy 2 included many hot band lines. Analyses of 5 of these hot bands was presented in Ref. 2 , leading among other things to a complete set of vibration-rotation interaction constants ͑␣ 1 , ␣ 2 , and ␣ 3 ͒. Of these, ␣ 3 , which is derived from fundamental band data, is in excellent agreement with our CCSD͑T͒ value, but ␣ 1 and ␣ 2 , which come from the hot band analyses, are in serious disagreement. Furthermore the FTIR results for ␣ 1 and ␣ 2 are inconsistent with the pattern exhibited by related molecules, e.g., OCS and NCS Ϫ , whereas the ␣ 1 and ␣ 2 values produced at all levels of theory up to our highest, by either perturbation methods or variational methods, fall within the typical expected range for this isoelectronic sequence. We have traced the discrepancies to the assignment of the J quantum numbers in the hot bands. We present a reanalysis based on a revised J numbering in all five hot bands and a new set of FTIR spectroscopic constants for NNS. These new experimental values are in excellent agreement with our CCSD͑T͒ results. We have attempted also to estimate the equilibrium structure of NNS by combining the FTIR B 0 's and our theoretical ␣ i 's for normal isotopic NNS and NN 34 S. There remain some discrepancies between the resultant r e 's and those from our CCSD͑T͒ calculations. When the latter are corrected by reference to results for the diatomic NN and NS molecules, the NS distance prediction is substantially improved, but the agreement for the NN distance is slightly degraded.
II. DETAILS OF THE CALCULATIONS
The correlation consistent polarized valence quadruple zeta ͑cc-pVQZ͒ basis set, as well as the correlation consistent polarized valence triple zeta ͑cc-pVTZ͒ basis set, of Dunning 11 and Woon and Dunning, 12 were used in these calculations. The cc-pVTZ basis set consisted of a (10s5p2d1 f ) primitive set contracted to a [4s3 p2d1 f ] for N and a (15s9p2d1f ) primitive set contracted to [5s4p2d1 f ] for S. The cc-pVQZ basis set is designated as a (12s6p3d2 f 1g)
primitive set contracted to a [5s4p3d2 f 1g] for N and a (16s11p3d2 f 1g) primitive set contracted to [6s5 p3d2 f 1g] for S. The CCSD͑T͒ calculations 13, 14 with both the cc-pVTZ and cc-pVQZ basis sets were carried out using the MOLPRO suite of ab initio programs, 15 with only the valence electrons being correlated. A total of 54 symmetry-unique points for NNS were calculated over approximately Ϫ0.3a 0 р⌬r͑NN͒р0.5a 0 , Ϫ0.4a 0 р⌬R͑NS͒р0.7a 0 , and Ϫ30°р⌬͑ЄNNS͒р30°a round the experimentally determined geometry. 2 The resulting CCSD͑T͒ energy values were then fit to polynomials in the internal displacement coordinates:
where S 1 , S 2 , S 3 ϭ⌬r͑NN͒, ⌬R͑NS͒, ⌬͑ЄNNS͒, respectively. Our CCSD͑T͒/cc-pVTZ calculations of the PEF overlap the previous work of Wong and Bacskay, 7 except that our sampling region in the potential energy surface is somewhat expanded along the direction of NS stretching and that several cross terms of quintic and sextic order have been neglected in our expansion of the potential energy surface. The fitting of the potential energy surfaces and the calculations of the second-order spectroscopic constants 16 were carried out using the SURFIT program. 17 Electric dipole moments were also computed at each geometry sampled for the potential energy calculations, using a finite field method with field strengths of Ϯ0.002 a.u. Each dipole moment vector was shifted and rotated into an Eckart reference frame. [18] [19] [20] Thus the z axis in the Eckart frame was defined as the C ϱv axis, to which the x axis is perpendicular, with the origin of the axes chosen as the center of mass. The dipole moments in the Eckart frame defined above were fit to quartic polynomials of the form of Eq. ͑1͒, with expansion coefficients denoted by D i jk m , where mϭz or x. Electric field gradients for NNS were calculated by the internally contracted multireference configuration interaction ͑CMRCI͒ method [21] [22] [23] with the ccpVQZ basis. In the CMRCI the reference function was obtained by selecting configurations from a full valence CASSCF calculation 24, 25 with a selection threshold of 0.01. Using the analytical potential energy and dipole moment functions, full 3D variational calculations were carried out to obtain accurate rovibrational energy levels and dipole moment matrix elements. These calculations used the program suites of Tennyson and co-workers. 9, 10 The reader is refered to the original references for the specific details of the methods. The vibrational basis functions were constructed from products of Morse functions for the stretches, and the angular coordinate was treated using a discrete variable representation ͑DVR͒ based on associated Legendre polynomials. A total of 17 Morse functions were used for the NS stretching coordinate, while 12 functions were used for the NN stretch. For the angular coordinate, 80 DVR points were chosen ͑over ϭ0-180°͒. After solving the effective 2D radial Hamiltonian at each DVR point, the solutions with energies lower than 15 000 cm Ϫ1 were selected to construct the full 3D Hamiltonian matrix, which was then diagonalized to obtain the eigenvalues and eigenvectors. The sizes of the resulting matrices were generally smaller than 1000ϫ1000 in order to converge the lowest 60-80 eigenvalues to within 0.1-1.0 cm
Ϫ1
. For the calculations involving nonzero total angular momentum ͑JϾ0͒, a two-step procedure was used, as outlined in Ref. 9 .
III. SPECTROSCOPIC CONSTANTS AND POTENTIAL ENERGY FUNCTIONS
The PEFs for NNS calculated by CCSD͑T͒/cc-pVTZ and CCSD͑T͒/cc-pVQZ are shown in Table I , where the rms deviations of both of the fitted surfaces are less than 0.4 cm
Ϫ1
. Various rotational and vibrational spectroscopic constants are obtained from both the triple zeta and quadruple zeta PEFs by second-order perturbation theory and are displayed with the bond distances in Table II . Most of the spectroscopic constants at the CCSD͑T͒/cc-pVQZ level were also derived from the variationally calculated rotationalvibrational energy levels, and these values are also shown in Table II , parenthetically. The column labeled FTIR ͑orig.͒ gives the published values 2 of several of these constants derived from the original analyses of the gas phase high resolution infrared data. In addition to the 3 26, 27 Inspection of Table II reveals that the ab initio predictions of these two numbers for NNS are essentially converged with respect to basis set and also that the variational calculations support the second-order perturbation theory results. The problem with ␣ 1 and ␣ 2 led us to reexamine the rotational quantum number assignments in the various FTIR hot bands, since this was practically the only reasonable approach to resolving the discrepancies. The vibrational quantum number assignments of the hot bands were strongly supported by the ab initio results ͑vide infra͒ and seemed to be beyond doubt. After experimenting with various possible J assignments we found that one and only one choice produced a reasonable pattern of B v 1 v 2 v 3 values and ␣ i 's in agreement with the theoretical results. In the three hot bands with one quantum of vibrational excitation in either the bend or NS stretch mode, m must be changed to mϪ1, while in the two bands involving v 1 ϭ2 or v 2 ϭ2 m must be shifted to mϪ2. Here m is the conventional Fortrat parabola index ͑JЉϩ1 in the R branch and ϪJЉ in the P branch͒. Thus in the ͑200͒→͑201͒ band for example the line previously assigned as R͑8͒ or mϭ9 becomes R͑6͒ or mϭ7, while the line previously thought to be P͑1͒ or mϭϪ1 is now assigned as P͑3͒ or mϭϪ3. The revised and published band origins and rotational and centrifugal distortion constants are given in Table  III . The band origins are shifted by 0.4-0.9 cm Ϫ1 and the rotational constants of the hot bands by 30-65 MHz. In Table II a column labeled FTIR ͑rev.͒ gives the revised values of those spectroscopic constants affected by the reanalysis. With ␣ 1 and ␣ 2 taken from this column, all three of the ␣ i values are now in excellent agreement with the ab initio predictions of them, as are the anharmonicity constants X 13 and X 23 , which can be extracted from the band origins for the v 1 ϭ1 and v 2 ϭ1 hot bands, respectively. The pattern of B values is also very systematic in sequences of v 1 ϭ0,1,2 or v 2 ϭ0,1,2, indicating small values of the higher-order vibration rotation interaction constants ͑␥'s͒ and confirming the new assignments in all the hot bands. This improved agreement is especially evident in Table IV , which compares the FTIR rotational constants with those calculated variationally from the CCSD͑T͒/cc-pVQZ potential energy surface. The difference ͑⌬͒ is nearly constant at ϳ56 MHz for the revised values ͑vide infra for the exception, B 201 ͒, but not for the original ones. Note that now B e ϾB 0 , as would be expected. Also in regard to the new assignments it should be mentioned that the line at 2041.064 75 cm Ϫ1 in the table for the v 2 ϭ1 hot bands ͑formerly mϭ2, now mϭ1͒ cannot belong to this band, because there is no R͑0͒ line when lϭ1. The original assignment also suffers a similar difficulty in that no mϭϪ1 line would be expected in the v 2 ϭ1, lϭ1 bands and no mϭϪ2 line ͑Jϭ2→1͒ would be expected in a v 2 ϭ2, lϭ2 band. Even though the lines closest to the band gap in the 34 S isotope band were not assigned, the J numbering in that band is secure, because any other choice gives completely unrealistic molecular structure results.
Since the ab initio calculations of the vibration-rotation interaction constants now seem to be quite reliable, we have chosen to estimate B e 's for both relevant isotopic forms of NNS from the FTIR B 0 's and the CCSD͑T͒/cc-pVQZ values of ␣ 2 ϩ͑␣ 1 ϩ␣ 3 ͒/2, where the latter quantity was derived from the variationally calculated B's for the ground and fundamental states. This process leads to B e est.
(NNS) ϭ 6517.27 MHz and B e est.
(NN 34 S) ϭ 6358.60 MHz, which in turn produce our best estimate of the equilibrium geometry of NNS. (NS) ϭ 1.5782 Å. Since the accuracy of the derived structure depends on the accuracy of the isotope shift in B e , use of theoretical ␣'s for both isotopomers should be a better choice than using the experimental B e for the main isotope and an estimated B e for the NN 34 S species. Similarly an r 0 structure can be calculated directly from the cc-pVQZ B 0 's ͑r 0 Q ϭ1.1366 Å, R 0 Q ϭ1.5897 Å͒ and compared to the FTIR r 0 structure ͑Table II͒. ͑The partial r s structure mentioned in Ref. 2 is by definition exactly the same as the r 0 structure when data are available only for two isotopomers.͒ The differences of the ab initio r 0 's from the FTIR ones should be very close to those of the ab initio r e 's from the r e est. values, since the same ␣ values enter in either comparison. The cc-pVTZ value of r e ͑1.1314 Å͒ is large relative to the r e est. by only 0.0007 Å, and extension of the basis set to cc-pVQZ decreases it by 0.0030 Å, so that our highest level purely ab initio value of r e ͑NN͒ is too short by 0.0023 Å relative to r e est. . The triple zeta result for R e ͑1.5985͒ exceeds R e est. by 0.0203, but going to the quadruple zeta basis decreases R e by 0.0081 Å, in this case a substantial improvement, leaving the ab initio value higher by 0.0122 Å than R e est. . We have also attempted to improve the theoretical estimate of the molecular structure of NNS by applying corrections to the CCSD͑T͒/cc-pVQZ bond lengths based on calculations on the diatomic fragments NN 29 and NS 30 at the same level of theory. The CCSD͑T͒/cc-pVQZ bond distances of these diatomics are r e ͑NN͒ϭ1.0977 Å and r e ͑NS͒ϭ1.4940 Å, which are longer than the corresponding experimental values 31 by 0.0026 and 0.0096 Å. Applying these corrections to NNS gives r e ͑corr.͒ϭ1.126 Å and R e ͑corr.͒ϭ1.581 Å and B e corr. ϭ 6521.2 MHz, which is within about 7 MHz of the experimental value, to some extent fortuitously, because the remaining differences between the corrected and estimated bond lengths are opposite in sign ͑⌬r ϭϪ0.0047 Å and ⌬Rϭ0.0028 Å͒. Extension to a quintuple zeta basis would be expected to further decrease the two purely ab initio bond distances ͑but presumably not the corrected ones͒ by small amounts ͑ϳ0.001 and ϳ0.003 Å͒ based on the calculations for the diatomic molecules, leaving significant errors relative to the r e est. values. The unusual sensitivity of the bond lengths of NNS to the level of correlation treatment, and the difficulty of obtaining quantitative accuracy, in the sense of tending to underestimate the NN distance and overestimate the NS distance has been discussed , compared to the high resolution result of Brown et al. 2 It is not likely that the difference between theory and experiment in the NN stretching frequency 3 would be reduced by extending the basis set, since in the CCSD͑T͒ calculations the 3 value tends to increase as the basis set is extended. The NS stretching frequency 1 at the CCSD͑T͒/cc-pVQZ level is smaller than the solid Ar matrix value ͑752 cm Ϫ1 ͒ 3 by 11 cm
. Matrix effects, however, in this frequency could easily exceed the ϳ8 cm Ϫ1 found in the 3 band ͑Table II͒. As the basis set is extended from cc-pVTZ to cc-pVQZ, all the vibrational frequencies increase. The NS stretching frequency 1 , which increases by 8.7 cm
, is affected most, while the other frequencies shift by only 3-4 cm
. No direct measurement of the bending frequency is available. An estimate of 2 based on the l-doubling constant q was suggested in Ref. 2 , but the inadequacy of the approximation used there ͑namely omitting the terms involving the coriolis zeta constants͒ has already been discussed fully in Ref. 6 . In fact the agreement of our calcu- 
1.07ϫ10
Ϫ3 a The standard errors in parentheses for the revised spectroscopic constants are computed using the estimated 7ϫ7 covariance matrices, multiplied by mean square residuals s 2 , for the sixth-order polynomial fits, taking into account the way each spectroscopic constant depends on more than one polynomial coefficient. ͑See pp. 83 in Ref. lated q ͑computed with the 's properly accounted for͒ with the experimental one ͑Table II͒, as well as the similar agreement for the other second-order constants, can be taken as the best confirmation that the theoretical value of 2 is reasonably accurate. Of the two anharmonicity parameters which can be extracted from the FTIR analysis, it can be seen that the variational method provides a significantly closer theoretical value than the second-order perturbation theory in the case of X 13 , while for X 23 both methods are satisfactory, but the perturbation theory result gives somewhat closer agreement.
The CCSD͑T͒/cc-pVXZ ͑XϭT or Q͒ force fields up to quartic order are shown in Table V . In fact our CCSD͑T͒/ccpVTZ force constants show some deviations from the ones obtained in Ref. 7 with the same method. These deviations are mainly due to the fact that in the force field calculations in Ref. 7 more quintic and sextic terms were included in the expansion of the potential energy surface, resulting in differences of 4.9 and Ϫ5.4 cm Ϫ1 between their calculated values of 2 and 3 and our CCSD͑T͒/cc-pVTZ results.
Ro-vibrational energy levels of NNS up to 4100 cm Ϫ1 , determined by variational methods using the CCSD͑T͒/ccpVQZ PEF, are tabulated in Table VI and compared to the second-order perturbation results. The band origins of the fundamental, first overtone, and simple combination bands calculated by perturbation theory are in excellent agreement with the variational results, with deviations of at most 1.5 cm
Ϫ1
. In fact the only one of the levels involved in the observed FTIR bands that exhibits a significant perturbation by a nearly degenerate level, i.e., that shows a clear difference between the variational and perturbation theory results, is the ͑201͒ state, which is close to the ͑500͒ level. Inspection of Table III reveals that the origin of the corresponding hot band is indeed shifted by about 6 cm Ϫ1 from where it would have been expected by simply extrapolating the positions of the fundamental band and the v 1 ϭ1 hot band, and that the direction of this shift is consistent with the shift of the ͑201͒ level in Table VI . The magnitude of the perturbation, however, is overestimated by the variational calculation. Similarly in Table IV the rotational constant B 201 has a ⌬ value that is quite different from those for all other vibrational states observed. The FTIR value is very close to the expected unperturbed value, but the CCSD͑T͒ value of B 201 is about 25 MHz away from the value that would be extrapolated from less excited vibrational states. Thus the perturbation effect on the rotational constant of this state is also overestimated by the variational calculation.
IV. ELECTRIC DIPOLE MOMENT FUNCTIONS AND FIELD GRADIENTS
Dipole moments calculated by a finite field method at the CCSD͑T͒/cc-pVTZ and CCSD͑T͒/cc-pVQZ levels of theory were fit to polynomials similar to Eq. ͑1͒
where the reference geometries used to expand the EDMFs in Eq. ͑2͒ are the equilibrium ones obtained by the CCSD͑T͒ calculations with the corresponding basis set. The CCSD͑T͒/ cc-pVQZ EDMF was used to calculate the dipole moment matrix elements, using rotational-vibrational wave functions obtained from the variational calculations. The band intensity S is given by sis set or correlation treatment may now actually increase the predicted magnitude of e slightly. This suggests that observation of the rotational spectrum of NNS will be difficult but possible. Since low J transitions may be detected first, especially if nozzle expansion sources are studied, we have also predicted the nuclear quadrupole coupling constants at the three atoms at the estimated equilibrium geometry ͓r͑NN͒ ϭ1.1307 Å and R͑NS͒ϭ1.5782 Å͔ using CMRCI with the same cc-pVQZ basis set. This gives the following results for the field gradient parameter q 0 ͑a.u.͒ and the coupling constant eq 0 3 band is stronger than the 1 band by a factor of 10, and the 1 band is in turn stronger than the 2 3 and 2 2 bands by about same factor. The intensity of the bending fundamental is predicted to be practically zero. Thus it appears that infrared spectroscopic observation of the NS stretching fundamental should definitely be feasible, but for the bending mode, observation of the first overtone band seems to be the only realistic opportunity for infrared spectroscopy.
